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16. Abstract 

Development of the plasma sprayed graded, layered Zr 02 /GoCrAlY seal sysiem for gas tuibine engine blade tip seal ap- 
pllOiilions up to 1589”K (2400°F) surface femperature initialed under NASA contracts NAS3-18565 and NAS3-I9759 
cc.ul]nued. The effect of changing Zr02/GoCrAlY ratios In the Intermediate layers on thermal stresses was evaluated 
analytbilly with the goal of identifying the materials combinations wlikii would minimli'e thermal stresses in the sea! 
system. Tiuec methods of inducing compressive residual stresses in tiic sprayed seal materials to offset tensile tlicrmal 
stresses were analyzed, Tlic most promising method, thermal prestraining, was selected based upon potential, feasibility 
and complexity considerations. The plasma spray equipment was modined to heat, control and monitor the substrate 
temperature during spraying. Specimens were fabritMtcd and experimentally evaluated to 1) substantiate the capability of 
the (hermu! prestrain method to develop compressive residual stresses in the sprayed structure and 2) to denne the effect 
of spraying on a heated substrate on abradability, erosion and thermal shock characteristics ofthc seal system. Tlictmat 
stress analysis, Including residual stresses and material properties variations, was performed and correlated witli thermal 
shock test results. Seal system performance was assessed and recommendations for furtlief development were made. 

Results of the analysis performed indicates tlie 85/15 and 40/60 Zr02/CoCrAlY ratios used in contract NAS3-19759 
were approximately optimum witli regards to minimizing sprayed seal system thermal stresses. The capability of thermal 
prestraining the substrate during spraying of the seal system to induce compressive residual stresses in the sprayed mater- 
ials was substantiated. Experimental results indicated spraying on a licatcd substrate liad negligible effects on abradability 
characteristics of tiie sr d system. However, tliermal shock testing and subsequent lliermal stress analysis indicated that 
the presence of compressive residual stresses caused a new failure mode with rapid spallation, not observed in specimens 
sprayed without compressive residual stresses. Also, the supplemental healing used to produce the compressive residual 
stresses was found to significantly affect material properties, (continued on page il) 
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thermal stresses but additional development is required to lealue the maximum henefi'. 
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1.0 SUMMARY AND CONCLUSIONS 
1.1 SUMMARY OF RESULTS 

Aniilysis indlesited little benefit by clumging the Zr02/CoCrAlY ratios oftlie Intermediate 
zirconia-jnettil (Zr02/CoCrAIY) layers of the plasma sprayed Zr02/CoCrAlY turbine blade 
tip seal connBiirution developed Under contract NAS3-197S9, Zr02 layer stresses coiUd be 
reduced slightly but ma.vtmum stresses could not be retiueeil below the measured minimum 
material strength. Intermediate layer stress redtictlon was not an objective of this analysis 
because stresses in these layers are within iiheir respective measured strength. 

The relative potential, feasibility and complexity of mechanical and thermal prcstralning 
of tile metal substrate and of post spray annealing to Induce compressive residiiai stresses 
in tile plasma sprayed Zr02/CoCrAIY seal system were evaluated, 'rhermal prestraining 
of the metal substrate was selcctetl as the most promising method. The plasma spray equip- 
ment and Fxlurjng was modified to provide capability of heating, controlling and moidtoi- 
ing the metal substrate temperature during spraying of the seal system. 

Analysis indicated that the magnitude of induceu compressive residual stresses in the sprayed 
seal system was sensitive to the stiffness, as well as to tlie cross sectional area, of the nietal 
substrate. Consequently, the seal configuration was modllicd to use a 0.254 cm (Q. IO in) 
thiclc platform instead of the 0.127 cm (O.OS In) platform thickness used in the final NAS3- 
19759 seal configuration, 1’his was the only change made to fhc seal system configuration. 
Powder ratios mid layer thicknesses were tiie same as the NAS3-1 9759 configuration. 

Test specimens of this modified configivration were sprayed with and without supplemental 
heating of the metal substrates for expenmentat cvaliiatlon of the effect of residual stress 
immagcmenton seal system performance. Abradability, erosion and tliermal shock rig tests 
were coiuUictcd on eacli set of specimens. 

Abradability resistance cliaracteriatics of the specimens sprayed or lieated substrates were 
essentially the same as demonstrated by NAS3-19759 specimens (sprayed without siippleniontal 
licatfng). 

Thennal shock lest results indicate very proinlsing pcrfofniance for the seal sprayed witliout 
supplemental heating of tlie substrate (baseline seal system). The baseline seal system com- 
pleted 100 cycles without noticable crack initiation and 500 thermal Shock cycles without 
spallation much better performance than exhibited by the final NAS3-19759 seal after 
iOO tliermal cycles. Three seals sprayed on heated substrates f922®R (1200®) seal systcml 
exhibited severe laminar cracking or delamination after tlie Initial nccelcratlon cycle. 

Residual strains wore mc.isurcd In specimens sprayed witli and witheuf supplemental lieating 
of the metal substrates and were used to calculate stress free temperatum distributions |n 
tlie seal systems. These stress free temperature distributions were used jn a twO'dimensional 
finite element plane stress computer program to Incorporate residual stress effects witli cal- 
culated thermal stresses. 


Motiulii of elasticity and rupture, sU*iin to figure, itiertmil expansivity ami tiiennai coiuluetiv- 
|ty Were detcrniineii for eaeiiical lay tr luatcriai sprayed on lieated inetai substrates. Tills 
(lata indicated significant vaiiiition: f ’oin properties determined for seal layer inaterial.s 
sprayed without, supplemental substrate lieating under NAS3-1 9759. 

Thermal stresses were calculated in the seal system for a typical gas turoine engine idl«! to 
sea level takeoff tliermal cycle and for measured rig lest cycle conditions. Stresses calculated 
for actual rig test conditions using both residual strain and properties data measured for the 
922°K (I206“I0 seal system correlated well with experimental results, i,e.. fractures occurred 
in tlie locations and under thermal conditions indicated by the analytical results. Analysis 
of tlie baseline seal system could not be completed because of uncertainty of tlie residual 
stress distribution in this configuration. 

1.2 CONCLUSIONS 

r 

Performance of the plasma sprayed 14r02/CoCrAlV seal systems evaluated in lids program 
may be summarized as followsr 

1. Thennal sliock resistance of the baseline system [without supplemenial liealing) sprayed 
onto a 0,254 cm (0. 100 in) substrate rather tlian onto a 0.127 cm substrate, as under 
NAS3-I9759, demonstrated a marked improvement over previous sprayed systems. 

2. Analysis indicated liie potential benefit of tliermal management of residual stress on 
tlie thermal stress In tlie sprayed cenimic system. Compressive rc-sidual stresses induced 
in tlie system by siiraying on a lieated substrate did reduce operating stresses in tlie 
central portion of tlie seal, However, tlie effect near tlie edges was small and maximum 
stress still exceeded the strenglli in the Zr02 and 85/15 Zi02/CoCrAlY layers. 

3. Tlmrmul sliock resistance of the seal system sprayed on 922“K (1 200*’F) metal substrates 
Was urisatisrnctory. Analysis correlated well with test results. 

4. Abradability cliaracteristics were not significuiitly affected by spraying on healed siib- 
stmtes. 

The concept of using compressive residual stresses to reduce operating tliermal stresses in 
tlie sprayed seal system still appears to be viable except for edge effects. Tlie application of 
tills concept must, tlicrtTore, be tailored to optinime tlie residua! stress level and distribution. 


Material properties, especially of tlic Zr02/CoCrAlY intermediate layers, appear to cliunge 
significantly by spraying on lieated inetai substrates. These property variations significantly 
affect the temperature and stress distributions in tlie sea' system. More complete definition 
of sprayed seal system material properties as functions ot icmperutu: and of the thermal 
condition of the metal substrate during spraying is required to obtain more valid analytical 
results. 


Mterdsiiuetuml exiunimilion of the plnsinu sprayed materials tmiicaics powder particles teitil 
to deposit in layers onnterlockiiig flattened Irregular sl»a)K'd disks. “Ihis results In a non* 
lm'"*.08encous mlctostructure and could Indicate anisotropic properties within these mater* 
lalS wbicli should be investigated as a possible contributing factor in laminar cracking at the 
edge of the specimens. 


2.0 RECOMMENDATIONS 

Measutement qf residual stresses in the baseline Zr02/CoCrAIY seal system should be re- 
peated to permit correlation of analytical and experimental test results and to quantify the 
effect of spraying on a heated substrate on residual and operating stresses. 

Improvement of the residual stress distribution combined with seai system configuration 
considerations such as metal substrate stiffness should be explored. Reduction of the tensile 
stresses near the edge similar to the stress reductions calculated in the centra portion of the 
seal system may be possible by changing the residua] stress distribution or the seal segment 
geometry, or soiue combination of both. Variations of individual layer stress free tempera- 
tures, circumferential and axial dui:!cnsions and substrate thickness and/or stiffness should 
be analyzed. 

More complete definition of sprayed materials properties is needed to more accurately pre- 
dict performance of the Zr02/CoCrAlY seal system. Elastic and rupture moduli] in the ra- 
dial direction should be measured to investigate the anisotropic nature of system properties. 
Tensile and compresave modulii of elasticity and rupture as functions of both operating 
temperature and metal substrate temperature during spraying should be mote completely 
defined. Thermal conductivity of intermediate layer materials should be measured instead of 
estimated from composite se^ system measurements. Variability of properties and micro- 
structure due to thermal aging and due to substrate temperature during spraying should also 
be investigated. 

The assumption that spraying on a modified metal substrate configuration for residual stress 
determination would not significantly affect the stress free temperature distribution should 
be substantiated. Stress free temperature distributions for specimens sprayed on standard 
substrate configurations which are modified to reduce stiffness subsequent to spraying 
should be determined for comparison with specimens sprayed on premodified substrates. 

A sharp discontinuity of the thermal conditions in the seal system occurs at layer interfaces 
due to interruption of the spray process to change materials. Interfacial strengths have been 
assumed equal to the weakest of the two materials. Verification of this assumption or quan- 
tification of the actual bond properties should be pursued. 
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3,0 INTRODUCTION 

3.1 BACKGROUND 

Tlie program to develop a plasma sprayed yttria stabilized ceramic (zirconia)-metal 
(CoCrAlY) seal system Initiated under contract NAS3-18565 and continued under contract 
NAS3-I9759 produced encouraging results. A configuration composed of a zirconia top 
layer and intermediate mixed layers of zirconia and CoCrAlY demonstrated promising abra- 
dability and erosion resistance capability at operating surface temperatures of 1589”K 
(2400®F). Of paramount importance, however, was the capability of .he system to with- 
stand the thcnnal shock and fatigue environment expected in an engine. Seal specimens sub- 
jected to thermal fatigue rig tests produced cracks predominantly in the Zr 02 layer, confinn- 
ing analytical results, but did not spall. Efforts to minimize cyclic thermal stresses by opti- 
mization of layer thicknesses resulted in a promising improvement in that the extent of 
cracking was reduced substantially. 

Analyses performed under NAS3-18565 and NAS3-19759 did not account for residual 
stresses. Measured room temperature residual stresses approached the tensile strength of the 
zirconia layer and are believed to have contributed to thermal cracking in the zirconia layer. 
Tlie.analytical. prograins used for these contracts have subsequently been modified under 
P&WA funded programs to permit incorporation of residual stresses, 

3.2 PROGRAM OVERVIEW 

Tin’s program was a continuation of the effort conducted Under NAS3- 18565 and NAS3- 
19759 to develop a graded, layered plasma sprayed zlrconia-CoCrAlY turbine blade tip seal 
system capable of operation up io 1589°K (2400®F). The objective of this program was to 
reduce cyclic thermal stresses to an acceptable level to maintain the integrity of tlic seal sys- 
tem without compromising abradability and erosion resistance. Two methods of accomplish- 
ing this were investigated: 

1 . Optimization of the zirconia - metai mixture of the intermediate layers, and 

2. Prestraining the metal substrate during fabrication processing to produce compressive 
residual stresses in the ceramic seal system. 

The effect of zirconia-metal ratio variations in the intermediate layers on thermal cyclic 
stresses were analyticaliy investigated, The results of this analysis would serve as a basis for 
selection of material ratios with desirable property combinations to minimize cyclic thermal 
stresses. 

Material properties data obtained under NAS3-19759 were used for estimating properties of 
materials with different zirconia-metal ratios. 

Methods of reducing tensile residual stresses in the sprayed ceramic seal .system were evalua- 
ted. The goal of this effort Was the generation of compressive residual stresses in the sprayed 
system to counteract tensile cyclic thermal stresses. The most promising method was experi- 
mentally evaluated. 
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A complete sea! system lucorpoiatlog the sdcetetl optimized materials lahiiciUed with and 
without tiu* sejeeteil residiiai stress manaijement incthod were experimentally evahialed, 
Abradability, er^'^ion resistance ami tliermalTiitlgiic rig teds Were conduct ed. Kesldiial 
stresses anil material iiroperilcs For each seal layer were measured. 

Tire experimental test results were evaluated and tlic capability of the seal system relative 
to program objectives was assessed. Abradability, erosion resistance and oilier ih*‘„( such as 
Imrdness i.">d mierost met lire was eomparetl witli NASS-iyVSO data to obtain „n indication 
of tile repeatabilily of seal system performance. Kccomniendations for fr.ftiier develop* 
ment were formultited. 





4.0 TECIINICAU’ROGRAM 
4.J CONFIGURATION OmMlZATlON 

Analysis iiiulcr NAS3-19759 lo evaUmte the effect of layer tliicknesses in the plasma sprayed 
zlrconia-metal seal system on thermal stresses resulted In theBencratlon of a eoivflBUration 
Avhieh improved the thermal shock resistance of the seal syslem.^*^ ExperlmenttJl results 
eortelatcd with analysis which predicted siBnincant reduction in thermal cyclic stresses al- 
though the reduction was not sufficient to reduce maximum principal stresses in the Zr 02 
layer to less than its measured strength. Heemise of the lack Qf appropriate analytical pro-"* 
gram provision at the time, the effect of residual stresses, which may have contributed 10 
the cracking in this seal eonllguration, was not accounted for in these analyses. 


'I’hc cftect of changing materials in the ml.xed ZrOn-CoCrAlY layers between the ZrO-j sur- 
face layer and the Mar-M-S09 metal substrate to firrther reduce cyclic thermal stressesln Ihe 
selected seal configuration was analytically investlgaled. Material properties obtained under 
NAS3-197S9 for ZrOa and 85/15, 70/30 and 40/60 ZlOa/CoGrAlY (spray powder weight 
ratios) plasma sprayed materials were crossplotted, as shown in Figures I through 7, (o esti- 
mate the properties of the revised layer material. Froperties were updated frgiu tlata obtained 
from NAS3-19759, literature aiVd/or fiom other P^WA programs. 


The configuration whkh resulted from the NAS3- 19759 layer optimixatlun was composed 
of layer thicknesses ofO.229 cm (0.090 in) for the Z 1 O 2 . 0.076 cm (0.030 in) each for Ihe 
SS/15 and 40/60 Zr02/CoCrAIY intermediate layers and 0.127 cm (0.050'in) for the Mar- 
M-509 metal substrate platform. This configuration was selected as the baseline for this 


analysis to evaluate the significance of nialerlnl ratios and select a configuration wlrich ol- 
fered potential to reduce thermal stresses. Seal geometry and layer thicknesses were held 
constant. Since previous studies had indicated thatstresses in the circumferential plane were 
greater than those in the a.xial section, this study considered the circumferential section as 
shown in Figure 8. Gircumferontiid stresses near the free surfaces and the interfaces between 
seal imiterial layers at Ihe eentcrof tlm seal and approximately 0.48 cm (0.19 in) from the 
emls of the seal were analyzed. These locations were selected since e.xiJeriencc has shown 
thatstresses in these locations usually approach minimum or maximum values. Figure 8 
shows the seal configuration and the location of reported stresses and temperatures. 


Temperatures and stresses were calcidated using the same two-dimensional finite element 
computer programs Used for NAS3-19759 analyses. A one-dimensional lemperature gradient 
radially through the seal system was assumed. Uoundary conditions on the ceramic surface 
and the metal substrate surface were assumed the same for each configuration variation 
studied and inlerntd lemperature distributions were computed. These temperal me distribu- 
tions were then used in the irhmc stress program to calculate the two itimcnsional stress itis- 
tribuiion in each configuration. A nominal JT9D-70 engine thermal cycle, the same as used 
in analysis under the previous contract, was used in this evaluation. Four Miermal eyde 


( 1 ) Shiembob, L. T., Develojmicnt of a Plasma Sprayed Ceramic Gas Path Seal For High 
Pressure Turbine Apnlioations, NASA CR- 135183 (PWA-5521), p. 37. 


points were considered: idle, six seconds al>cr iniliution of ticcelcralion, SLTO and 12 seconds 
after initiation of deceleration. However, since maxinniin stresses occur in tlie baseline confi- 
guration at SLTO and 6 seconds into acceleration, teinperaturcs and stresses were calculated 
only at these two points. Residual stresses were assumed to be zero. 

Selection of the first two configuration variations was based on a prcJiniinary analysis of the 
baseline configuration which indicated that changing tlie 40/60 and 85/15 Zr 02 /CoCrAlY 
liiycrs to 10/90 and 70/30 Zr02/CoCrAlV, respectively, would result in the closest possible 
approximation to a linear average thermal growth gradient between the Zr 02 layer and the 
metal substrate for the four most significant thermal cycle points. The effect of each of 
these changes was analyzed independently. The third *".onnguration variation witli 10/90 and 
90/10 Zr02/CoCrAlY layers was selected on the basis oi tV»!u=}lion of the first two configu- 
rations. 

Calculated temr craturcs and stresses in the baseline configuration and the three selected 
configuration v/iriations are shown in Tables 1 and II. Tills data indicates*. 

1. Reducing the ZrOo/CoCrAlY ratio of layer 1 tends to; 

a. Reduce stresses in layer I except at the interface with layer 2 near the ends of the 
seal where stresses arc increased sllgh tly . 

b. Increase the maximum stresses In the Zr02 and No. 2 layers and in the metal sub- 
strate. 

2. Reducing the Zr02/CoCrAlY ratio of layer 2 tends to: 

a. increase the Zr 02 layer stresses at tlie interface with layer 2. 


b. Increase stresses in layer 2. 

c. Reduce stresses in layer 1 and the metal substrate. 

3. Simultaneous reduction of the Zr 02 /CoCrAIY ratio of layer 1 and Increasing of the 
Zr 02 /CcCrAIY ratio oflayer 2 tends to: 

a. Have only small effects on the Zr02 layer and metal substrate stresses, 

b. Increase stresses in layer 2. 

c. Reduce stresses in layer 1. 

In assessing the effeMs of material ratio changes, stress to strength ratio as well as stress level 
was considered. 
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On the bsisis of Uils stmly , it was eoncliiileUt 

1 . Varying llic Zr02/GoGrAlY' ratio of the inlcrmetllalc layers result in relatively small 

1 changes in the Zr02 layer stresses, Tlicse changes are not sufficient to elimin- 
ate the possibility of tlmrmal stress cracking of the ceramic layer. 

2. Redistribution Of stresses within the intermediate layers by changing tlmir Zr02/ 
GoCrAlY mixtures is possible but the potential gains are relatively small. 

In view of the minimal potential gains in terms of reduced thernial stresses and llie costly 
necessity of establishing a new data base for the ',cw materials, it was decided not to change 
the baseline system conUguration for this program. 

4.2 PRESTRliSS APPLIGATION MimiOl) DEVELOPMENT 

The potential, feasibility, complexity and risk associated with three passible methods of pre- 
stressing the metal substrate to generate contpressive residual stresses in live |)lasma sprayetl 
graded Zr02-CoCrAlV seal systcni were analyzed. The methods analyzed were: 

1 . Mechanical prestressing by bending and by uniform tensile loading equally in mutually 
perpendicular planes, 

2. Heating of the meliil substrate during spraying, and 

3. Post Spraying annealing. 


Both substrate heating during spraying and mechanical prestressing were fouiul to be feasible 
but mechanical prestressing was considered much more complex ami a higher risk than ther- 
mal prelreating. Post spray annealing was not considered feasible because of excessive stresses 
induced at the 40/60 ZrO^/CoCrAlY layer - metal substrate interface at temperatures well 
below the teniperature at which reasonable creep rates occur in the metal substrate. 


Heating the metal substrate was selected as the ntost promising method to induce compres- 
sive residual stresses in the sprayed ZrO jCoCrAlY seal system when all factors were consi- 
dered. In this method the substrate is elongated during the spray process by an external heat 
source, After the seal material has been deposited the external heat source is removed allow- 


ing the substrate to attempt to contract to its normal room temperature slate, thereby pro- 
viding a compressive load in the deposited seal system. The plasma spray equipment was 
modified to permit heating the metal substrates while spraying the seal system. Abradability 


specimens were fabricated and residual stress measurements were made to evaluate the feasi- 


bility and 


effectiveness of this residual stress management method. 
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4,2.1 Mcclijinicnl I’rcslrcsstng 


Two sipproiiches to mechanically prestressing the substrate were evaluated; bemling and uni* 
rorin tensile stressing cqimlly in mutually perpcnilicular planes. The sprayed materials were 
assumed to be deposited on the metal substrate while U was maintained in the prestressed 
state. After spraying, the prestress would be released imd the substrate would react with the 
sprayeil slructurc as it attempted to return to its initial state. 

A flat plate model of the baseline seal configuration 0.0762 cm (0,030 in) 40/60 
CoCrAlY, 0.0762 cm (0.030 in) 85/ 1 S Zr02/GoCrAl Y* and 0.2286 cm (0.090 in) Z.r02 
layers deposited on a Mar-M*509 metal substrate, was used in this analysis. Residual stresses 
Were iissumctl to be solely due to release of the prestress In the substrate after spraying, The 
two-dimensional plane stress finite clement computer program used in NAS3-I9759 analy* 
scs and material properties measured under NAS3-19759 were used to calculate the residual 
stresses in the seal system. 


The effect of uniform tensile prestrcs.sing of the substrate on residual stre.ss induced at the 
surface of the Zr02 layer for various substrate thicknesses is shown in I'igurc 9. This data in- 
dicates that the thickness of the metal substrate has a significant effect on the induced stress 
at the Zr02 surface. Compressive stresses would be Induced at the Zr02 surface for substrate 
thicknesses greater than approximately 0.38 1 cm (0.150 in). At any point in the seal system 
the stress is comprised of the sum of the elongation and bending components. The elonga- 
tion component Is compressive throughout the sprayed system and is a function of ilie metal 
substrate cross-sectional area and prestrnin. The bending component is tensile from the Zr02 
surface to the section neutral axis and compressive on the opposite side of the neutral axis. 
Tlic bending component is proportional to tlic amount of bending induced in tlie specimen 
and distance from the neutral axis. Tlic relative stiffness rf tlic sprayed system and nictai 
substrate will determine tlie amoinil of bending for a given substrate prestrain levei. Tills 
general relationsliip would also be true for heati.-g (tlu'ymal prcstrainhig) of the substrate. 
Therefore, this analysis indicates the necessity to u.sc rae-afi substrates with equivalent stiff- 
ness greater than that of a 0,381 cm (0. 1 50 in) tluct’ xkK liialc to induce compressive resi- 
dual stresses by botli uniform tensile prestressing and heating of the substrate. Tliis does not 
mean that tlic minimum substrate thickness must be 0.38 1 cm (0. i 50 in) or greater. For in- 
stance, tlie abradability rig test specimen metal substrate lias a circumrerential direction 
stiffness equivalent to a flat plate 0.574 cm (0.226 in) thick althoitglv the maximum metal 
thickness is only 0.254 cm (0.100 in). 


Mechanical prestressing is limited by tlic tliickncss and strcngtii of tlie metal substrate. 
Figure 1 0 sliows tlie stress induced at the Zr02 surface as a function of substrate tliickne 
for maximum prestress in the metal substrate equal to 80 percent of tlie 0.2 percent yield 
strength of the substrate. Dotli bending and tensile prestress approaclies are sliown. Tlie 
bending approach produces larger compressive stresses for thicknesses less tlian approxima- 
tely 0.635 cm (0.250 in). It approaches a maxininm induced compressive stress at thick- 
nesses greater Ilian 0.635 cm (0.250 in) wliile tlic tensile loading method will continue to 
induce larger compressive stresses at the Zr 02 surface u.s the thickness is incj-cased. 


Althou^i (he tensile loadlnu appronoh imlicutes the inaxinuim potential lor iiHlucing coin* 
prcssive stresses In the sprnyed seul system* the ))rol)h'.ms of tlxturing to prestress complex 
substrate geometries required for engine and rig tests, l.e., short segments of a ring wUli lit* 
tegrul supporting and stilTening structure on the outside inameter, wouhl be complex ami 
costly. 

Prestressing by bciulitig would be difficult to Control precisely tlue to the simiH denecUous 
required^ 0.0Q2S4 cm (0.00 1 in)- 0.003SI cm (0.00 IS in) for typical parts with 0.635 cm 
(0.250 in) thickness or equivalent stiffness. However, it is considered more feasible and less 
costly than tensile prestressing. 

4.2,2 Sribstrale Heating 


The effect of substrate healing on an abradability specimen ihirlng spraying was atialylically 
evaluated, 'fhe metal substrate was assumed to be stress ficc at the substrate temperature 
and the plasma sprayed system was assumed stress free at various temperatures equal to or 
greater than the substrate temperature. Reshtual stresses calculated at the ZiOt .surface in 
the center of the specimen are shown in Figure 1 1 as a function of subslvate temperature 
for eons5 lit tempenilurc ilitTerenees between stress free teiuiiera lures for the stnayeil ma- 
terials and the substrate. This data indicates tlie potential to iiuluce compressive residual 
stresses in the sprayed system hicrc.ises as lire substrate temperature is increased and de- 
creases as Hie sprayed materials stress free temperature approaches! the substrate tempera- 
ture. 


Assuming that the difference between stress free temperature of Ihespniyed system ami tlie 
substrate is less than 333“K C600“F), Figure 1 1 iudicales a substrate temperaUire of approxi- 
mately 922®K (1200“F) would bo needed to imiuec compressive stresses at the ZiO-) siirtuce 
of the magnitude of the maximum tensile thermal cyclic stresses, 4.137 X tO^ N/enP (6 X 
10* psi) to 6.206 X 10* N/em’ (9 X 10* psi). 


The lwo"iiimensiomd plane stress compiiler program used for f4AS3-l97S9 analyses was 
moilifieil uiuler a P&.WA funded program to provide the capabilfd^^ to assign varying stress 
free temperauires Uironglioui the seal system. This change allowod the program to calculate 
residual stress distributions and combine them with cyclic tijCHPal stresses. Thermal growths 
are calculated based on the tempeValure difference between the local temperature and the 
loc;il stress free temperature. Tlrh, modified computer program wa.s uscil to calculate residual 
stresses for this substrate heating study. For the first time in a NASA contract, tliermal 
stress analyses Included the eiTccts of residual stresses. 


Heating the substrate is the simplest, most praetlcal method of uniformly prest raining the 
metal substrate in mutually per|>endicular directions. It lias the advantage over the mechani- 
cal prostress mctliod that tlie equilibrium stress in live substrate, not the initial prestress,, Is 
limited by live yield strength and geometric configuration of the substrate tnaterial. Fxcept 
for. the question of the effect of substrate beating on sprayed material properties, this meth- 
od of reshhial stress management has tlie maximum potential. 


4.2.3 Post Sprtiying Amicitlhig 


The objective of the post spraying annealing is to induce compressive Stresses in the spraycrl 
seal by heating the as-sprayed seal to develop a suffidently high tensile stress In the metal 
substrate at a temperature level which would result in significant creep. 


To evaluate post spray annealing, stresses were calculated for isothermal heating to 8l i®K 
(I000‘’P), 1 144‘*K (1600°F) and I2S6'*K (1800‘>F) and for gradient heating Irom 2144®K 
(3400‘^F) on the Zr02 surracc to 1200“K (HOOT) on the substrate surface using the 0.635 
cm (0.250 in) tiiick fiat metal plate model used in the meciianical prestress analysis. Resi- 
dual stresses were neglected in this analysis. Stresses in the 40/60 Zr 02 /CoCrAlY layer ex- 
ceeded its rupture strength at all isothermal conditions except 81 PK (1000°F). Further 
analysis indicated tluit the maximum substrate temperature compatible with the 40/60 
Zr 02 /CoCrAlY rupture strength was approximately 1006“K (1350“F). At this temperature, 
the creep rate of the substrate at the calculated stress level is less than 2 X 10''^ %/hr, Which 
is Unacceptably low compared to the desired minimum creep rate of 1 X 10'^ %/hr. Obtain- 
ing acceptable temperature and stress combinations by gradient heating was evaluated and 
was found not to be feasible. 


4.2.4 Residual Stress Management Method Evaluation 


Heating the metal substrate was selected as the most promising residual stress management 
method based on 1) potential to develop the desired level of compressive residual stresses 
in the plasma sprayed materials, 2) minimum complexity and 3) low riak. Alternative meth- 
ods of licating tlie metal substrate during spraying were evaluated. The most promising meth 
method was selected. The plasma spraying equipment was modified to permit substrates 
licating and maintaining the metal substrates at the desired elevated temperature and to con- 
tinuously monitor the metal substrate temperature din ing the complete processing cycle. 
Specimens were fabricated to demonstrate capability of producing compressive residual 
stresses and to serve as a basis for selection of U processing method for subsequent complete 
seal system specimens for rig tests. 


4.2.4. 1 Plasma Spray Equipment Modifications 

Both electric and gas heating were considered as methods of heating the metal substrates 
during spraying of the seal system. Propane gas heating was selected due to response rate, 
flexibility, cost and availability considerations. 

Heating of the metal substrates was accomplished by six (6) propane burners equally spaced 
in a stationary metal ring around the outside of the spray fixture as shown in Figure 12. The 
burners Were positioned such that tlie hottest part of the flame would impinge on the out- 
side of the metal substrates when operating at maximum flows. Tlie burners were mani- 
folded together in groiqis of three and supplied from a common propane tank and pressure 
regulator. A needle valve In the supply line to each manifold permits separate control of 
each group of three burners, 


12 



Tlic plasma spray torch was enclosed in an, asbestos board box to protect it from excessive 
iieat from the propane burnehs^as shown in tlje foreground of Figure 12. Later tIUs was re- 
duced to wrapping with two or tiircc layers of asbestos tape to reduce tlie size of the tiierm- 
al protection for the plasma torcli. 

The solid shaft of the specimen rotating mechanism was replaced with a hollow shaft to per- 
mit passage of thermocouple icad wires from the metal substrates of tlie specimens to a 12- 
channcl slip ring assembly. An existing 12-channel slip ring assembly was adapted to the 
rotating mechanism as sliown in tlie left background of Figure 12 and is driven by the rotat- 
ing mechanism shaft througli a hollow quill shaft. Thermocouple data are recorded on a 
multipoint strip cliart recorder at the rate of approximately one point per second. 

4.2. 4.2 Specimen Fabrication 

One set of eight abradability specimens was sprayed on metal substrates heated to 728“ K 
(850“F). Insulation was installed on the outside diameter of two of the eight specimens to 
shield tliem from the propane burners and provide specimciis sprayed on a lower tempera- 
ture substrate for comparison purposes. The measured substrate temperature of tliese two 
- -parts was-589“IC(600“F). 

The same spray parameters, l.e., voltage, amperage, gas flows, powder feed rates, standoff 
distance, specimen surface speed and plasma gun traverse rate used for the NAS3-1‘>759 
specimens were also used for tliesc specimens. Tlie burner operating conditions Were main- 
tained constant to provide a coiiiiant temperature environment on the back of the speci- 
mens during spraying, The temperature of the substrate of the uninsulated specimens initi- 
ally at 728“K (850°F), cooled during spraying while the insulated specimens, initially at 
S89“K (600“F), heated during spraying as shown in Figure 13. This data indicates that the 
effective temperature of tiic spray process was between 589 and 728“K (600 and 850°F). 
The effective temperature during the spraying of each of the layers apne-^s to be different. 

Tlie gradual reduction in the initial substrate temperature for subsequent layers shown in 
Figure 13, points A through C and D through F, is attributed to gradual degradation of the 
performance of several of the propane burners caused by the undetected change in position 
of the fuel-air ratio control rings due to vibration. 

4.2.4. 3 Microstructural Evaluation 

One specimen each of the specimens sprayed on substrates heated to 589“K (600“F) and 
728“K (850°F) was microsectioned and compared with the microstructure of the final seal 
configuration evaluated under NAS3-1 9759. Typical microscctions of each layer of each 
specimen are shown in Figures l4 through 16. Generally, the microstructurcs indicate that 
the effects of spraying on heated substrates are to increase the metallic fraction in the 
Zr 02 /CoCrAlY layers and reduce the porosity of the Zr 02 layer. 

The microstructural examinations also indicated excellent uniformity iii layer thicknesses. 
Layer thicknesses were uniform within less than 0.06 mm (0.002 in). 


4.2.4.4 Resiilual Stress pcterminatlon 

Resl(lu«l.stniin inensurcments were made on one of tl»C abradability specimens sprayed on a 
substrate healed to 728“K (850“R) using the incremental rempvat mctliod used imdcr 
NAS3- 19759. Strain changes were measured on the metal subllrate surfoeo at the center of 
the specimen between the mounting rails. A strain gage rosette with the peniendicular legs 
parallel with the circumferential and axial directions was used. The sprayed system was re- 
moved in predetermiped increments by grinding with a diamond grit wlieel, llie specimen 
was clamped against a fixture which was machined to match the as-spruyed curvature of the 
specimen mounting rails during grinding to ensure removal of uniform thickness incAments. 
The specimen was undamped after removal of each iitcrement to read the strains. The strain 
change associated with the removal of each increment was determined by subtracting the 
strain reading before removal of the increment from the reading after increment removal. 

Prior to initiating machining, the specimen was clamped and undamped several times to ob- 
tain an indication of the repeatability of the strain readings. Readings generally repeated 
within 15 X 10‘* cm/cm. 

Since this experiment spanned a relatively long time, ambient temperature was recorded 
during grinding of the specimen and accounted for in the residual stress analysis. The specl- 

-inen was assuined kothcnnal at tlie avcrage ainbicntJcmpcratiirc during rejnovnLo^^^^ 

particular dement for analytical purposes. Variations in ambient temi)eratiire during this 
experiment were found to affect the calculated residual stresses by less than two percent 
and were therefore not accounted for In subsequent tests. 

Measured average ambient temperatures, increment thicknesses and strain change due to re- 
moval of tile increment arc shown In Table III. The axial strain gage failed after the scvenlli 
increment, 

Residual stress distribution In the specimen was calculated using an infinite fiat plate com- 
posite material model lo determine a stress free temperature distribution through tlie speci- 
men which would match the measured strains at tiic gage location in the drcumfcrciitial 
direction. The stress free temperature distribution is the temperature distribution necessary 
to produce a zero stress distribution throughout the part. This stress free temperature distri- 
bution was tlicn used in a model simulating the axial direction geometry, C.ilculatcd stresses 
in both directions were then combined analytically to account for the differences in the 
model assumptions, l.e., equal strain in mutually perpendicular directions, and tlic actual 
case to estimate the stresses in tlie actual specimen using the following rclutionships: 
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» stress in circuinrerenliul tllrcclion in spcdmeiu N/in’ (psi) 
« stress in nxtnl Uirceilon In specimeni N/m^ (psl) 


®dre stress calculatetl in ilnt plate with clrcutnfcrcntlttl direction 

stifrncss, N/m^ (psD 

stress calculated in Hat plate with axial ilircction stilTness, 
N/ht?-(psl)— ^ ^ 


» Poisson’s ratio 


Untlial stresses were neglected since they were small. 


The specimen stiffness in the circumferential direction in the area of the mountine rails, 
where the cross-section is non-unifonn, was simulated itr the flat plate model by nssuminE a 
material layer of the same thickness as the radial dimenslotv of the sections of the mounting 
rails, l,c., rails and feet, anti scaling the substrate modulus of elasticity by the ratio of the 
width of the rails or feet respectively divided by the vvidth of the main body (platform) of 
the specimen. Other properties, i.c., coefficient of thermal expansion, thermal conductivity, 
density and Poisson's ratio, were assumed identical to the metal substrate properties. 


The effect of mounthig mils and specimen 
neglected, 


curvature on stiffness in the axial direction were 


Calculated residual stresses at tlic Z 1 O 2 layer surface significantly exceeded the tensile 
strength of the Zr02 material measured under KAS3- 19759. Since tiie physical parts were 
not cracked or otherwise failed, the analytical modeling and residual strain mcasuremenl 
experiment were examined more closely, It was known tlmt the total strain al the gage loca- 
tion was equal to the sum of elongation aiui bending components Wliicli were oppositely 
directed. For the particular specimen configuration used in this experiment, these strain 
components were almost the same magnitude at the strain gage locution in tlic circumleren- 
tiiil direction. Tlvis meant that the calculated stresses would be very sensitive to smull errors 
in the measured strains. Also, since ttie measured strain clumgc in several of the incrcmenls 
were equal to or less than the accuracy of the strain Instrumentation system, it is considered 
higlily probiiblc tluit this ignsitivity was responsible for the unreaHstic calculated residiin! 
stresses. ' 


c- 


Purthur evaluation indicated tiiat ttie dirfercntlal between tiie eionKiition and bending strain 
components could be increased by approxijnatcly a factor of IS by removai of tire mount- 
ing rails or using a Hat plate as was done Jji tiic NAS3-I9759 experiments. This would great- 
ly reduce llie sensitivity of tire caiciilatcd stresses to small errors In the strain measurements, 

llarlier analytical results presented in Plgure i i indicate tliat tlie higher tiie substrate tcmi)- 
eratiire tl»e better the probability of developing desired levels of compressive residuai stress 
to offset tensile cyclic tliermal operating stresses. A substrate temperature of 922^k . 
(I200®F) was selected for fabrication of specimens for a more complete evaluation of the 
benefits of residual stress management on seal systcni performance, It was also decided to 
spray future tesidual stress specimens on substrates Witii tlic supj)ort rail removed to increase 
tiie mensurenblu strain at tiie gage location and more accurately define tiie corresponding 
residual stress, 

it 4.3 COM FLin’E SEAL SYSTEM HVALUATW^ 

4,3,1 Specimen Configuration 

( 

Two sets of rig test specimens were fabricated, one with a 922®K (1200®F) substrate tem- 
perature and one witlioiit supplemental lieating of the substrate. Jlic sprayed seal configiira- 

^lon was idenllcal to tlic final N AS3-I97.59 scal_configuration in ageordanGfe with tiie coiw — 

elusion of tiie ojitiinizatipn study discussed earlier, The metal substrate platform tliickiiess 
was increased from 0.127 cm (O.OSO In) to 0.254 cm (0. l.OO iiiVjibminal to adiievc a sub- 
strate stiffness greater than a 0,381 cm (0.150 In) lliiek: flat plate to provide the desired 
level of compressive residual stress (Refer to Figure 10). The abrmlabillly specimen sub- 
strate with a 0.254 cm (0.100 In) thick platform has a circuniferenlial stiffness equivalent 
to a 0.572 cm (0.225 in) tliick plate. 

- r 

Tiie substrate temiicrature was iiiaintaineil at 922“K (1200®F) aVclosely as possible during 
sijrayiiig of the lieated parts. Burner gas flow liod to be increased dliring spraying of each 
layer to maintain (he temperature measured on tlic metal substrate surface constant. Tliis 
tends to substantiate the earlier observation tliat tlic effective temperature of the plasma 
spray process is less than 922*’IC (1200‘’F). 

Tlic specimens fabricated witlioiit supplemental lieating of tlic substrate (baseline system) 
were subjected to tliree preheat passes Of tiie plasma torch witliout po"'der flow prior to 
spraying each layer of seal system material. Tliis raised tile temperature bn tiie irktal sub- 
stratc surface (outside diameter) to approximately 333-339“K (140-150®F) at tiie initiation 
of deposition of each layer. The substrate surface temperature increased during spraying of 
each layer until it approached an equilibrium temperature of approximately 450®K (350®F), 

Specimens for abnulabilily, erosion and Ihermal shock rig tests were iiiacliiiied to remove 
coating pyramiding at tlic edges and to reduce abradability and thermal shock test speci- 
mens to design Zr02 layer tliickncss* All of the baseline system abradability and thermal ' 
shock test specimens cracked in the Zr 02 /C’oGrAlY layers at botli ends imiiiedinteiy ni ter 
completion of iiiachining. One of tiie 922®K (I200°F) seal system abradability test spe/ii- 

. ineiis also developed a laminar crack in tlic Zr 02 /CoCrAIV layers at n.ne corner during 





maclUntnu. Tlics« specimens were ground wilHoiit coolant to minimize contamination of 
the poroiis ceramic coating. It was suspected that tile cau.se of tlicsc failures was the ma* 
cliining procedures used since similar parts Imvc been machined wltlr coolant under related 
P&\VA programs without apparent distress. 

1; I > I 

A spare buseli?ic system specimen was machined using coolaut to investigate this possibility. 

This part showed no evidence of lamiiuir cracking after machming. Although not conclusive 
proof that grinding without coolant ipay have generated excessive thermal stresses, It docs 
tend to substantiate this conclusion. „ r 

4.3.2 Residual Stresses ; ' 

Two spcclmc '13 modified for residual stress measurement experiments were Included In caclv- 
sePof parts. The mounting rails on the residual stress specimens were removed except four 
pairs of 0,254 cm (0. 1 00 in) long equally siraccd sections necessary for securing the speci- 
mens during removal of the sprayed system. Tlds modincation reduced the equivalent cir- 
cumferential stiffness to that of a flat plate with the same thickne&v as the substrate plat- 
. fonn to amplify the strains at the substrate surface to a more measurable level, as previously 
iliscussed. 

' It was recognized that the rcsWalTt7e^”orT>."e“spccimeirwith mounting^^ 

be different from the residual stress of the specimen with rails intact because of the differ' 
cnecs In stiffness of the rnctal substrate. Residual stresses were assumed to be totally depen” 
dent on tlie thermal history of the parts during spraying. For this reason the stress free lem- 
- perature distribution was assumed to be the same for both specimen configurations. 

The change In the radius of curvature of the metal substrates due to deposition of the spray- 
ed system was measured on the residual stress specimens to luovidc a prcllmlnai'y indication 
of the average stress state in the sprayed system. Tlie radius of curvature of botli sets of 
specimens increased due to deposition of the plustua sprayed coating system as shown in 
Table IV. The change in curvature of the P22®K (1200“F) parts was approximately three 
times the curvature change lor the basoUnc parts. This indicates that the average stress in 
the sprayed system for both sets of parts Is compressive, witiri significfuitly higher stress in 
the 922“K: (1200‘’F) parts. 
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Rcsklual stresses', \!{>lculiUcd in the 40/60 i^rOn/CoCrAlV layer of the baseline systeni speci- 
men exceeded the strcngllt of the 40/60 ZrOj/CoCrAlY matedal by approximately 30 per- 
cent). Since cracks were not observed in this layer In the as-sprayed state the rcsidnal strain 
data was reviewed. Layer thicknesses measured from the machined edgei. ^f abradability and 
thermal shock rig test spedinens whicli were sprayed at the same lime weic compared witli 
thicknesses determined during machining of the rcsidnal stress specimen. It appears that 
layer Interlaces were missed during macliining of the residual stress specimen- Several of tlic 
increments included tw(' hiyer inatcriaU. UesohUlon of the effect of each material in these 
increments was vnisnecCssruL Therefore, this data is considered invalid. Repetition of tlie 
resliluai stress mcasurement cxperiincnt for tliis configmaiion is required to estimate actual 
stresses in this system and to quantify the benefits of prestress management. 

Residual strains measured on a 922“?>ni200®F) systein specimen are shown inTahlc V. 
Analysis of this data indicates drciimferentlal and axial strains are essentially maxiiTium and 
minimum principal values. Circumrcrential straiti data was riHluced to obtain Stress free tem- 
pepture distribution through the residual stress spednten. I'he substrate was assumed stress 
fife at 922'^K C1200*1‘). The stress free tempereture in each increment was iteratively dctcr- 
-imned to matcli the negative of tire measured strain change at tlie gage location as the seal was 
Hnialytically rebuilt. The cuiculated stress free icinpcrature distribution radially tlirongh the 
i'esiduarstress spedmen is shown in i‘ igurc 11. Tltls distribution was esiimateil using maierial 

^fropcrLHs datrrobtained undLT NAl53d9159. Ifioperties dabv for materials spray^^ 922®K 
(i200“^5 metal substrates was obtained as diseussed later. Figure IS shows tlie stress free 
tihuperatiirc, dlslribulton obtained from the same strain data using tlie new properties. A 
comparison of Figures 17 and IS provides an evahmtlon of effids of property variability on 
stress free tempera tureSi ' 

; rj 

43.3 Material Properties 

l^lOdiilU of elasticity and rupture, strain to failure, thermal exinmslvity and thermal cptuluc- 
thity wpre determined for each of the plasma sprayed cernniic and eermnie-metal layers In 
the seal system. Samples were inadifned from specimens si>fayed on inctal substrates heated 
and malntamed at 922‘*K (1 200®Fk All spedmen^ except thermal conductivity specimens 
were sprayed on mild steel substrates wliich were removed witli dilute (SO^solutioii) nitric 
acid duringniuehining of test samples. Thermal conductivity specimens were sprayed on 
liastelloy X substrates, 

4.3.3. 1 klodulii of RIastidty and Ruiitnre and Strah; to Fsilhire 

Modulii of elasticity and rupture and strain to lahurc were determined at room tcmpcratiire 
and at the maximiini estimated operating tetnperatiire for each of the spmyed Zr 02 /GoCrAlY 
layers and the ZiOt ktycr using the four-poiiit itexure method, A strain gage, placed at mid- 
spaii aiid center of each speciiuen, was* used to iueasure specimcii denectiOn for room tem- 
perature tests, Moasnremeht of crossdicad defiection Was used to determine sjiecimcn deficc- 
tion at elevated temperatures. Test specimens inensured 0,254 X 0.762 X 3.556 cm tO. I X 
0,3 X 1.4 in) and Were prepured siich that the lengtli of lUe specimen was in the circumreren- 
tial direction. Ulevatcd lenipenuure characteristics were determined at i5S9®lt (2400“F) for 
the ZrO-» layer aivd 1 2S6^K ( I SQO^F) foVthe 85/1 5 and 40/60 ZiOs/CoCrAlY layers. 


18 


Modulus of elasticity was calculated using either of the following formulii as applicable; 
For strain gaged specimens; 


35 (iVe) 

E = 

4 b h> 

where; E = elastic modulus 

P/e = slope of the load versus strain curve 
b « Specimen width perpendicular to the load application 

h =“ specimen thickness coincident with the load direction 

For elevated temperature tests where the cross liead deflection was measured: 

E = (P/c) 

8 b h^ 

where: S = distance between supports 

P/e “ slope of the load versus deflection curve 

Modulus of rupture was calculated using: 

3 PS 
“ 4 b h’ 

where: Oy == modulus of rupture (bending strength) 

P — maximum load prior to specimen failure 

Strain to failure was read directly for strain gaged specimens. For deflectometer measured 
specimens, strain to failure (fy) was calculated using: 

6n X 

(S-a) (S + 2a) 

where: a = distance between supports (S/2) 

X = deflection at load points at failure (deflectometer reading) 

Test data for the miaterials sprayed on metal substrates heated and maintained at 922‘'K 
(1200°F) are summarized in Table VI. These results indicate; 

1. The rupture moduli! for the Zr02 and 85/15 Zr02/CoCrAlY materials tend to increase 
with increasing temperature. 



2. 


Tlic Diodviiii of elasticity and strain to failure for the Zr02» 85/15 ZrOn/CoCrAlY and 
40/60 ZrO'T/CaGrAlY juatcrluls and the modulus of rupture for the 40/60 Zr 02 / 
CoCrAlY inalcrial tend to decrease with increasing temperature. 

3. Both elastic ami rupture modulii tend to moreasc With increasing metallic fraction. 

Data measured on materials sprayed witiiout supplemental lieating of the metal substrate 
under contract NAS3-19759 reported hi NASA CP.-135183 (PWA-5521) Is reproduced in 
Table VII for comparison purposes. Comparing tlie data in Table VI willi comparable data 
in Table Vll indicates spraying on a Iieated substrate lends to: 

1 . Reduce rupture modulii at room temperature and increase rupture inodutii at devatsd 
temperature except for tlie 40/60 Zr 02 /CoCrAlY wliicli decreased at elevated tempera* 
ture. 

2. Increase elastic modulii at room temperaturo and elevated temperature except room 
temperature ZxOm modulus and elevated temperature 40/60 ZrOo/CoCrAlY modulus 
wliicli decreased, 

3. Reduce room temperature and inereasc elevated temperature strains to failure witli 
tbe hlgiier metallic fraction materials exliibiting the largest cliange, 

in general, the effect of spraying on a Iieated metal substrate on rupture and clastic modulii 
is significant and will significantly affect culcidated stresses and stress-strength ratios in the 
seal system, as will be seen. 

4,3.3.2 Thermal Expansivity 

Tiic thermal expansivity for each material layer in tlie plasma sprayed Zr 02 /CoCrAlY seal 
system sprayed on 92?''K (1200“F) metal substrates was measured in tlie circumferential 
direction. Specimens measured 3.556 X 0.762 X 0.254 cm (1.4 X 0,3 X 0.! In). 

After being accurately measured in tlic 3.556 cm (1.4 in) direction, tiic specimens were in- 
strumented with a Netzch Electronic AutonuitiG Recording Dilatometer. The system was 
placed in the center zone of a closed chamber wliich was evacuated and then backfilled with 
licliuin, Tlie specimens were then programmed for temperature issc and equilibrium at ap- 
proximately 100“K a80“F) intervals from 293*’K (68“F) to !202 “k; (1704°F). 134i'’K 
(I954“F) and 1608“K (2434® F) for 40/60 Zr 02 /CoCrAlY, 85/15 Zr 02 /CoCrAlY and 
ZrOo materials, respectively. An equivalent program for temperature fall and equilibrium 
was also implemcntccl. TJie rate of temperature rise and fall was approximately 5®K/min 
(9'‘F/min). 

Results are summarized in Figures 19 through 22 along with data measured under contract 
NAS3-19759 for materials sprayed without supplementary substrate heathig for comparison. 
The 40/60 and 85/15 Zr 02 /CoCrAiY imitcrials demoustrated fairly repeatable thermal 
growths both during heating and cooling and from cycle to cycle altliough some tendency 
to grow was seen. 
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The ZrOo tuntcrial delnoiiskratetl a very tlciliiUc shrlttkage above 1373^1C (201 1®F) <luiinB 
tile first rhermnl cycle, as shosvn in Figure 21 /Total shrinkage of 0.36 percent was ineasureil. 
Siibsequcnt cycles (Iht not exhibit this shrinkage and were very repeatable. Figure 22 shows 
ilntn typical of tlieso 8ub.sequcnt cycles. 

With tlie e.sceplion of liio Zr02 material, botli sets of data correlate closely and indicate no 
apprccUibie effect of spraying on preheated substrates on tlic thermal growth characteristics 
of tlic J>Oo/CoCrAlY materials, 

M 

'flic slope of the Zr02 tliormal growth curve measured Umler this program Is slightly steeper 
than the NAS3-197S9 curve and the net shrinkage is larger, ‘fhe NAS3-19759 data measure* 
incut was aborted twice when significant departure from linearity was noted. This probably 
accounts for most of the net shrinkage data dilTerence since the NAS3-19759 data is from 
tlic thirti cycle, after part of the shrinkage had already oceurred. The cause of ilie difference 
in slope is not apparent. 

The mean coefficient of thermal expansion calculated from the tiicrmal expansivity 
data shown in Figures 19 through 22 relative to any selected stress free lomperalurc using: 

(i+(AL/L)r j D'--V) 

‘sP ” 

where: tv,. *= mean coefficient of thermal expansion from T.,.* to T 

(AL/L),,. « unit thermal expansion frOm to T 

(AL/L),. ® unit thermal expansion from *11 to T,,j 

tj)? « M 

initial temperature from which thennal expansion data was mea- 
siiretl 

T “ iemperature at wliicli measurement was made 

TjP ” stress free teinperature 

4.3, 3,3 Thermal Conductivity 

Thermal conductivity was measured on samples of the Zr02 layer and the complete sea! sys* 
tem, Both samples were sprayed on 922“K (12Q0^F) Hastelloy-X substrates which had been 
piasinii spray coated with 0.0762 - 0.127 nun (0.003 - 0.005 in) thick NlCrAl bond coat. 

Test samples were machined to 2.54 cm (1 In) diameter ami botli disk faces were nuiduncd 
fiat and parallel within 0.0508 mni (0.002 In) ftill indicated runout relative to the coating- 
substrate Interface and eacii otlier. 
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Both specimens were tested using the companitivc cut bar methoil. A specimen was pinced 
between two Inconei 702 rorercncc standards of known thermal conductivity witii thermo- 
couples at tile interfaces, Tlie test stack was placed between tlte plates of an upper lieater, 
auxiliuiry lieater and a lower heat sink, A reproducible load was applied to the top of the 
com|ilctc system to acliievc a uniform interface contact. A guard tube whidi could be 
heated or cooled was placed around the system and the interspace and surroundings were 
filled with an insulating powder, By adjusting tlic iieaters and lieat sink temperatures, a con- 
stant temperature distribution was maintained in the system. IVsHlal lieat losses wore reduced 
to negligible values by keeping the guard tube temperature Close to tlie average temperature 
of the sample. Teniiicratures at various locations in the system were recorded when the equi- 
librium conditions were attained at four average specimen temperatures between 373*’1C 
(212“P) and 1473^K (2192“F) during lieatiip and two average temperatures during cool 
down. The tliermai conductivity of eacli specimen was calculated using; 


I u 

where; K = thermal conductivity 

X = thickness 

T = temperature differeiice 

S = specimen 

Rj - top reference 
II 2 = bottom reference 


Ks = 


1 

o 


(To) 


Subsequent to testing, individual layer and substrate thicknesses were determined and ther- 
mal conductivities of the sprayed coalings were tlieii calculated using the resistance method; 


X. 


>^0 = 3 


X 


m 


K, 


III 


where: c = coating 

m - substrate 
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thomuil cbiuliictivltius of the mixed ZrOo/CoCrAlY intermeiliiitc liiyerx wore estimated 
from these results by! 

I , Cnlculatlng the ‘average thermat conductivity of the composite of the two Intermediate 
layers using! 

Ki « 

ii 


where! 


K| composite average thermal conductivity of intermediate layers 

K‘i* *=* average thermal conductivity of total coating system 

Kg ^ thermal conductivity of sprayed ZrOa layer 

X; ® intermediate layers thickness 

X‘p * total coating thickness 

Xi* “ ZxO'i layer thickness 


Ptotdng the thermal conductivity against intermediate layer thickness assuinlngt 


• the thermal coiuuictivity at the Zr 02 layer-intermediate layer interface is equal 
to the ZrO'i layer conductivityt 


• the thermal conductivity at the intermediate layer-metal substrate interface is 
equal to the substrate contluclivity, and 

* the thermal conductivity at the mean tliickness of the intermediate layers equals 
K| calculated in step I . 

3. The thermal conductivity of eaclr of the intermediate layers was taken as tlie value of 
the curve drawn through the foregoing points at the center of each layer. 


Gstimaterl tliermul comhictivities for each of tire 922®K (1200“P) Zr 02 /CoCrAlY seal sys- 
tem layers arc shown in Gigure 23. Thermal coiuUietivity data for the NAS3- 19759 seal sys- 
tem wiiich was sprayed on unhetited metal substrates is also sliown in Figure 23 for com- 
parison. 'fliis data intlicates tlnit spraying on Ijcated metal substrates tends to increase the 
thermal coiulnctivity of ail layers. 'Hie Zr02/GoCrAlY layers tend to increase more Hum the 
Zr02 layer. This Icmis to agree with metallqgrapliy resnlls which indicate incrcaseil Z 1 O 2 
layer density and inercased metallic fraction in the ZrOi/GoCrAlY layei-s which would be 
expected to increase the tiiennal conductivity in all layers. 
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'^'^‘>,3,3.4 Hurilncss 

Superfi^lul Rockwell 45 Y luirdncss wa? measured ds» the as-sprayed Zr02 ^^Tfacc of all 
abwrfni’ility and erosion specimens, botli those sprayed wUh and without supplemental 
hehthig of the metal substrates. Measurements were taken at fittsetv locations on the 
abradubliUy specimens and at nine locations on the erosion specimens. After grindine the 
coating surface and edges for rig testing as previously discussed, hardness measurements 
were repeated on three abradability specimens that had been sprayed onto 922“K(12Q0®P) 
substrates, 

The difference in processing, I.e., spraying with or without supplemental preheating, did not 
significantly affect the ns4prayed hardness of the abradability specimens, 'fhe average hard- 
ness of eight specimens from eacli sot was 74,4 for specimens Sprayed without .supplemental 
.substrate heating and 75.7 for specimens sprayed on 922“ R (1 200“ F) substrates. Scatter in 
the individual specimens average Jiardne.ss for specimens .sprayed without supplemental sub- 
strate heating was approximately onc-luilf the scatter for specimens sprayed on 922“K 
( 1 200“ F) substrates, ± i ,05 vs. ±2,1 , 

Erosion specimens did not agree as doscty. Thi: average lumhiess of two specimens from 
each sot was 73.5 for .specimens sprayed wltliout .supplemental substrate lieatingaml (S9.0 
for specimens sprayed on 922“R (1200“!') substrates. The cau.se for the larger difference is 
not known. 

The average hardness of tlirec abradability specimens snrayed or, 922“ R (1 200“F) substrates 
inerciused from 74.3 as-sprayed to 88.3 after machim w This increa.se in liardness is nttribn- 
tctl primarily to the reduction in roughness of tlie ZiOt surface. 

4.3.4 Abradahility Test Rc,snlts 

Tire capability of the sprayed seal system to tolerate blade tip nibs without catastrophic 
failure was evaluated by abradability rig tests. Tests wore comluctcd under shmdated etigine 
conditions of .seal surface temperature, blade tip speed and Incursion rate. 

All abradability tests were performed with I’&WA’s liigh temperature abradability test rig 
shown in Figure 24. Twelve simulated turbine blade tips were juoimtcd in tite peripliery of 
a disk driven attlic required speed by a compressed air turbine. The seal segment specimen 
was mounted in a tixturc at the end of a horizontal post allachetl to a movable carriage 
assembly. The carriage assembly injects the specimen radially Into the rotor iissombly at the 
required incursion rate. The seal specimen was heated from both sides of tlie rotor by o.\y- 
gen-acetylcne torches directed at the seal surface. Heating torches were also mounted off 
tlie carriage assembly. Gas flows and distance between the torclies ami seal specimen was 
varied to control tiic seal surface temiieraturc. 

Seal surface temperature was monitored by optical pyrometers. Carriage travel was moni- 
tored by a linear differential transformer. A load cell in the carriage feed system pennitted 
detonnination of the average nonnai force between the seal specimen and blade tips. All 
data wore recorded contimioiisty on a Strip chart. 


Uliulu tip luul seal wcuf was Ueionrtincil tltrough prc" mul posMesl measurements. Relative 
abrailabllity between lUnercnt .speclmci\s and different seal systems was assessed on the 
basis of the volume wear ratio (VWR); the blade lip wear volume divided by the seal wear 
volume. The .smaller the volume wear ratio, the better the abradabllUy of the seal .system. 

Abradability test results arc generally the .same as cxperlet\ecd under NAS3*19759 for simi“ 
lar test conditions and substantiate the effect of incursion rale oii blade wear, I.e., the higher 
incursion rate resulted in incretwed blade wear, ‘l lie.se lesulls nfso Indicate tliat sptTiylng tlte 
seal coating .syslem on a 923^ K (1200“ I') substrate did not siBniricanlly affect tlie abradabi- 
lity of theXrOT layer, 

hour abradability tests were attempteil as summarized in ‘ruble Vll, 'five first two speci- 
mens, one a machined 922“K tl200“l?) seal system specinven and live otlier an as-.si)rayetl 
baseline seal system specimen developed laminar cracks ami spalled severely dtvriug heatup 
to lest eondlllons. 

Sjvallation that resulted during Iveatup of live first two speeimen.s is attributed to e.vcessivc 
tieaiing of the metal substrates. In an atteiupt to rub tlie spceimeiis olT-cetvter to penult two 
tests on a single specimen, name ImpinBement from one torch was on the side instead of 

the ZiOt surface of the spechueiv and overlvcaled the metal svibstrate, 

«« 

The third and fourth .specliuetvs were tis-spniyed 922“lv (I200“h) seal system .siiceimc's. 

‘rtve tlvint specimen was nibbed at 1589“K t240Q“h) surface teiviperattire and 28»1.4 m/s 
(933 ff/sec) with twelve 1M900 cast nickel alloy blades at an incursion rale of 0.0254 mm/s 
(0.00 1 in/sec), ‘fhe bhules wore a groove 0.508 mm (0.020 in) deep in live scut wUlv an aver- 
age blade lip wear of 0.06 1 nvnv (0.0024 in), yieldiivg a volume wear ratio of 0. 1 66. The 
ZiOo layer of this speeituen spalled atoug one 'iidc outside the rub path iluriivg heatup to 
test condiUons. During live rub iivtoraetion adclilional ‘*cations of the ZrO^ layer at both 
eiuis of live specimen also spalled, However, appro Klmaloly 75 percent of the ndvbed area 
remainiid Intact as shown in Figure 25. A tlvln layer ot blade lip material iruns'fer was evl- 
deivt uv the seal wear groove. 


The fourth specimen was tested at IS89“R (2400“F) seal surface lenvperaturc. 304.8 m/s 
(1000 ft/see) bhule tip velocity and 0.254 nvm/s (0.010 in/sec) incursion rate. Heavy blmle 
tip wear and transfer to live seal .specimen ocem red as shown iiv Figure 26, ‘five incursion 
rate gradually slowed down to 0.109 mnv/s (0.0043 in/see) as the rub InlenveliQu proceeded 
iivdicaling the maximum reaetiou load was insufficient to lualnlativ the wear rale. 


4.3.5 Frositm ‘fest Results 

Erosioiv resistance of one specimen of each of the plasma sprayed ZrO^/GoCrAlY seal sys 
terns, i.e., sprayed with and without metal substrate heating, was evaluated by Ivot pnrli- 
cuUvle rig testing al a ZrO-j surface temperature of 1 589“ Iv (2400“ F) and an hvvpiivgenreiu 
angle of 0,262 rad (15“). " 


Erosion tests were performed in Urn hot particuiutc erosion rig shown in Eigiire 21, The spe- 
cimen wns positioned at a distance of 3,81 cm (1.5 In) ami specHled implnBcmcnt angle rela- 
tive to the end of the combustor exit nozzle by a compound vise. 'I'ltc specimen was healed 
by impinging Jl'-S fuel and air combustion products on tiie Zr02 surface of the specimen 
through a 1.905 cm (0.75 in) diameter exit nozzle. Specimen temperature and exit gas velo- 
city were conlrolled by varying fuel and air flows, 


After the specimen temperature and gas velocity were stabilized, particidatc flow was ini- 
tiated. Tlie 80 grit AI2O3 particulate was gravity fed into a tube connected Into the com- 
bustor exit nozzle approximately 5.08 cm (2 in) upstream of the nozzle end where it was 
picked up and accelerated to the s)ieclmcn surface by the hot gas stream. Particulate How 
rate was conlrallcd by a prcoalibraled orifice in the sloragc liopper disclnnge line, Tlie 


weiglit of particulate used and the duration of particulate flow during the test was moni- 
tored to clieck liic particulate Dow rate. 


Specimen (empevalure was measured opUcatiy on the Zr02 surface. Erosion wear was deter- 
mined by nicasiiring tlie wciglit loss of tlic specimen at five minute intervals. 

The erosion specimen consisted of Uic composite seal system sprayed on a flat Haste!ioy-X 
plate nominally 3.81 by 5.08 by 0.254 cm (1.5 by 2.0 by 0.1 in). A 3.81 cm* (1.5 in* ^.sec- 
tion of the substrate is sprayed, leaving a 1 .27 cm (0,5 in) uncoated end for mounting in the 
test rixfure. 


Test results are summarized in Table IX and Figure 28. 


Tlic particulate flow rale used for these tests was 20 percent of llic rate used for the NAS3- 
1 9759 tests, in view of this, a comparison with previous data could not be made. 

The ZrO-) layer of tlic baseline seal system cracked severely during heatup for the secoiui 
five nOmde te,st interval due to an acddental rapid lliermal shock am! it delaminated during 
cooldown after coinplction of the test interval. Tlicrelbrc, the erosion rate could not be es- 
timated. Tlic measured data point .it five minutes is shown in Figure 28. 


4.3.6 Thcminl Shock Test Results 

The durability of llic sprayed Zr02/CoCrAlY seal system in an engine application will de- 
pend greatly on its capability to sircccssfully survive tlie initial and subsequent tl1cmv.1l 
cycles corresponding to tlic engine operational conditions. Thi.s is tiie most difficult para- 
meter to satisfy with a ceramic seal because of the relatively low strength (especially tensile 
strength) of ceramic materials and tlie large mismatcli in tlicrmal growth between ceramic 
and metallic materials. 'Hie graded, layered system was designed specifically to modify tlic 
layer difference in thermal expansion between the metal substrate and ceramic. Thermal 
and mechanical i>roperties of each of the individual layers in the graded Zr02/CoCrAlY 
structure and the metal substrate, as well as llie geometry of tlie seal segment ami residual 
stress state, affects stresses generated during thermal cycling. 


Thermal fatigue characteristics were evaluated by rig tests which subjected the seal speci- 
mens to a simulated gas turbine engine cycle from idle to sea level takeoff (SLTO) and back 
to idle, shown in Figure 29. Appropriate temperature - time cycles were imposed on the 
Zr02 and metal substrate surfaces. A typical actual cycle is also shown in Figure 29 for 
comparison with the goal and illustrating the very close simulation produced by this rig. 
Heating and cooling rates to idle conditions were controlled to minimize associated thermal 
stresses. Zr 02 and substrate surface temperatures were heated and cooled approximately 
linearly between room temperature and idle conditions over a five minute duration. 

Earlier thermal shock tests results under contract NAS3-19759 indicated thermal stress 
cracking initiated very early during the test. Analysis indicated cracking could occur in the 
first thermal cycle during acceleration to SLTO. Therefore, prior to initiating the idle - 
SLTO test cycle, it was attempted to better define when and where cracking was initiating 
by subjecting the seal specimen to isolated portions of the cycle. The specimen was subjec- 
ted to an initial heatup to idle and cooldown cycle and the initial acceleration heatup cycle 
shown in Figure 30 and thoroughly inspected after each cycle. The specimen was also in- 
spected after the first complete thermal fatigue test cycie (Figure 29) and after 100, 300 
and 500 cycles. 

The thermal fatigue test rig is shown in Figure 31. The specimen was mounted in a water 
cooled copper fixture. A combination of oxygen-propane torches and cooling air jets were 
used to achieve the desired thermal cycles on the Z 1 O 2 and metal substrate surfaces. The 
torches were mechanically moved toward or away from the specimen at controlled rates to 
provide the required thermal cycle. Fixed cooling air jets were turned on or off or the flow 
was changed at predetermined intervals to meet the cycle requirements. The Z 1 O 2 and 
metal substrate surface temperatures were monitored continuously with an optical pyrome- 
ter and thermocouples, respectively, and recorded on a strip chart. 

Four abradability specimens, three sprayed on metal substrates heated to 922°K (1200°F) 
and one sprayed without supplemental heating of the metal substrate, were thermal fatigue 
tested. Two of the three 922°K (1200°F) specimens were machined on the edges and Zr02 
surface as previously discussed. The third 922° K (1200°F) specimen was an as-sprayed resi- 
dual stress specimen with metal substrate rails modified to reduce the circumferential stiff- 
ness as described earlier. The specimen sprayed without supplemental heating was tested in 
the as-sprayed condition. Test results are summarized in Table X. 

All of the 922°K (1200°F) seal specimens failed during the initial acceleration cycle. The 
two machined specimens with standard metal substrate configurations exhibited cracking 
after initial heatup to idle. The as-sprayed residual stress specimen showed no apparent dis- 
tress after initial heating to idle but delaminated completely at the Zr02 - 85/15 Zr02/ 
CoCrAlY interface after the initial acceleration cycle. This difference in behavior is attribu- 
ted primarily to the substrate stiffness difference although factors such as Zr 02 layer thick- 
ness difference and defects or stresses caused by machining could have also contributed. 
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Tlie seal sysiein sprayed without siibstrnle heating completed 100 simulated eiiBiiie cycles 
bclbre crack initiation was observed. Furtlicr Inspcelion after subseriuent testing indicated 
laminar cracking did not initiate until after 100 cycles and before 300. Five hundred cycles 
were successfully completed without spallation and the specimen appearance was belter 
than the posFtesl condition of previous configurations after only 100 cycles, as shown in 
Figure 32. 


Uailial cracks, Figure 33, were almost invisible without mugiiincalion. As shown by posHest 
melallograpliy, Figure 34, radial cracks only propagated tlirougli api>roxlmate!y 60 percent 
of the ZrOo layer thickness, haminar clicking at the Zr02 layer Interface propagated from 
both ends approximately 1.9 cm (0.75 iln). As shown In Figure 34, the laminar cracks tended 
to proinigale along the ZrO^Jaycr inlerlkc for approximately 0.6 cm (0.25 in) and llicn 
turned toward the Zr02 5urlace at JLshajlow angle, 


4.3.7 Stress Analyses 


Stress free temiJcrature distributions calculated based on measured residual strains in Zr02/ 
CoCrAlY seal system specimens sprayed on modified abradability specimen metal substrates 
with and Wllliout substrate heating were useci to estimate stresses in the tlicrmal fatigue spe- 
cimens before and after testing. 


Both stenily state ami transient temperature distributions jrndially through the seal specimen 
were calculated using the two-dimensional finite element computer program used for NAS3- 
19759 thermal analyses. Temperature distributions were calculated based on estimated or 
measured temperatures on the Zr 02 and metal substrate surfaces uiul physical properties of 
the seal system materials. Temperatures were assumed uniform in the axial-circumferential 
plane so only radial gradients were calculated. 


Calculated thermal distributions at selected instants in time were used in a two dimensional 
finite element piime stress computer program to estimate stress distributions. Tire same com- 
puter irrogram usc;l for NAS3-19759 analyses, modified imdcr a P&WA funded program to 
approximate residual stress distributions by assignment of stress free temperatures to each 
area of the specimen, was used to calculate total stress distributions In the circumferential- 
radial and the axial-radial planes. 


Stress distributions at critical cycle points; i.c., idle, six seconds into acceleration, SL‘fO and 
twelve seconds into deceleration; were calcuaUcd for the estimated engine cycles using vari- 
ous combinations of materials properties and residual stress data. Subsequent to tlictinal 
fatigue testing, stress distributions at actual test conditions for dm maximum thcfinal grad- 
ient point during initial idle and initial acceleration cycles were also calculated. Uesults of 
these analyses are summarized in Table XI. Circumferential stresses are reported since niaxi- 
nnim stresses occurred in this plane. 






Initial data, calculated using baseline material properties measured under NAS3-19759 with 
and without 900®K Cl SOO'*!') a’sidual stresses, Indicated stresses In the Er02 laydr would 
exceed its strength (Indicated by stress-strength ratios greater than 1.0). Stresses in the inter- 
mediate layers were within their res|)ectlvo material strengths except the 40/60 Zr 02 / 
CoCrAiy layer tit SLTO without residual stress. Subsequent calculations using measured 
liroperties for materials spniyed on 922®K (1200®!*) substrates indicated reduced tensile and 
larger compressive stresses In the ZrOo layer and larger tensile and compressive stress- 
strength ratios In tlie 85/15 Zr02/CoCrAIY layer, Stresses calculated in both the Zr02 and 
85/15 Zr02/CoCrAlV layers exceeded their respective material strengtiis when properties 
iuul'tneasiired resiiiual stresses for tin* 922®K (I200®F) seal system arc taken into siccount. 
Both tensile and estimated compressive strengths Were exceeded. Compressive strengths for 
thesti analyses was estimated by multiplying the measiired tensile strengths of the ZrOo, 

85/ 15 Zr 02 /CoGrAl Y and 40/60 Zr02/CoCrAlY layers by (actors of 4.0, 3.55 and 2,2 . 

respebtively. These factorff were scicctcil based on compressive strength data measured on 
sintejfed Zr02 metal materials imdera related P&WA program which indicated the Zr02* 
metal materials compressive strength to tensile strength ratio was approximately a linear 

function of (he ZrOo fraction between 1.0 for all inetiil to 4 or 5 for all ZrO-i. ^ 

^ ' w ** 

A comparison of tlie results of analytical study 1) witlr2) in 'I'able Xi will indicate tbe ef- 
fect of the residual stress resulting from spraying on parts maintained at922®K (1200®F), 

A comparison of ease 2) vvltli 3) illustrates the effect of physica]^I)rqi)cjriy,v^^^^ caused — 
by sprayjjig on a 922- 1C-(1-200®F) SMb.s(rafe7 

Maximum (tensile) principal stresses in botli tire Zr02 ami 85/JS Zr02/CoCrA!Y layers for 
specimens sprayed onto 922®K (! 200“F) substrates exceeded the tensile strenglh of the 
respective maierials at the 13 second point in the actual initial acceleration cycle measured 
in the test rig. These stresses were calculated to occur at an angle of approximately 
0.7854 rad (45®) relative to tlie layer interface. The crack path was at approximately 
0.5236 rad (30®) relative to the interface as shown in Figure 35. Tlie location of the calcu- 
lated iiijiximuni and mininuini principal stress-strengtli ratios for botli idle and 13 second 
acceleration rig test cycle poinls arc also shown in Figuuv35. 


Typical circumferential stress distributions arc shown in Figure 36. Generally, incorporation 
of compressive residual stresses tended to reduce tensile stresses in tlie central area of the 
seal in all layers and have relatively small effect on tensile stresses near the edge as shown by 
comparison of curves A and B. Material properties cliangcs caused by spraying^' ;e seal sys- 
tem on a 922®X (1200®F) substrate laid a mixed effect on tensile sr esses. Z 1 O 2 layer 
stresses tended to be reduced as riiown by comparisoii.of curves B and C. Inteniiediatc layer 
.stresses, especially in tlie 85/15 ZrOo/CoGrAlY layer, vvere increased significantly as shown 
in Table XI. Magnitudes generally tended to increase as tensile stresses were reduced e.xcept 
ill the inteniiediatc layers wlierc properties cliaiiges resulted in increasing magiiiludc of botli 
tensile and compressive stresses. 


It was not possible to complete tlie analyses for correlation wltli test results of the baseline 
seal system because of lack of acciirille residual stress data. Hie residual stress measurement 
experiment on the baseline seal system should be repeated to correlate analysis with tlie 
successful test results on this system. 
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hgurr I tutmaU’J Thermal Coruliu iiviiv tana non ^'^•nu^ Sprue f'onji-r /rO-, h'anhl hratiion for 
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INDUCED Zr02 SURFACE STRESS - KSI 







STRESS - KSI 
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hntun- 13 Specimen Suburate Temperature t'erujs Sprav Time 





NASi19759 BASELINE WITHOUT 
SUPPLEMENTARY HEATING 


589“k I600°FI substrate 


773°K I860°F| substrate 


Figure 14 


mag ioox 


Micmuructuml Compimum of Heated Specimens With NAS3 19759 Final Omfiguration - Zr 02 l^er (77-44I-9898-I) 





NAS3-19759 BASELINE 
WITHOUT supplementary HEATING 


S89°K I600*’f| SUBSTRATE 


MAG 100X 


Murmstruc rural Compantun of Heated Speamens With SAS3 I97H9 F>nai Configuntum - 85/i5 Zf02lCoOAlY Uyer( 77-44 1-9898-J) 


♦ r» 







NAS3^197S9 BASELINE KWTMOUT M9®lt l€00°E I SUBSTRATE 73B®K I SUBSTNATE 

SU^LEMENTARY HEATING 


MAG too* 


Figiitr /6 Mtcratmtcrunl Cnmpamrm of Htmted Sptnmtfu With NASS- 19759 Fmtl Configurmnitf. 40/40 ZrOj/CaCtAlY f77-44l-9898-Kf 
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THERMAL EXPANSION. L/L X 10 





THERMAL EXPANSION ~ A L/L X 10 




4000 


TEMPERATURE 


50 



THERMAL EXPANSION ~ ^ L/L X 10 


c 


<o 


t6 IMK) 


14 IKM) 


I 2 0(H) 


u) mw 


R (HH) 


ti(HH) 


4 000 


7 01K) 
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Figunr 26 AhraJahihry Tcu Specimen .\o 4. 92^K fI200°F) .Seal SyUem (78-441.8013 C) 
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l iKurv 32 Thermal f atigue Specimen ' Test No. 1) Baseline Seal System ( 78-441-8086) 
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Figure 34 Circumferential Section Thr )ugh Thermal Fatigue Specimen So. I (78-441-8415) 
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SPECIMEN EDO 


TAIUI 


Viruuon 


Bvdiar 


MATERIAL OPTIMIZATION STUDY RESULTS AT CENTER 


Z/M - ZK>i/CarrAIY 
T - Tn n ^fMi w c .*K(*F> 


MamiM 

Cyde 

fwn- 



Layer 1 

Layer 2 

Poinl 

■eter 

1 

j 



SlTO 

0 

-3119 

4054 





1-45241 

(5879) 




T 

1542 

1170 

40/«0 

8S/IS 

m 


(2315) 

(1646) 

in 

Z/M 


0 

-1 1477 

2748 





(-16645) 

(3985) 



Accel 

T 

1352 

661 





(l9-»3) 

(729) 



SLTO 

0 

-2105 

5459 





(-3053) 

(7918) 




T 

1540 

1156 

10/90 

8S/IS 



(2312) 

(1620) 

Z/M 

Z,M 


o 

-12285 

2528 





(-17817) 

(3667) 



6tec 

T 

1350 

647 



Accel 


(1970) 

(705) 




0 

-2641 

7858 



SLTO 


(-3831) 

(11396) 

40/60 

30/70 


T 

1529 

1061 

Z/M 

Z/M 



(2292) 

(1450) 




Q 

-12587 

3474 



6sc 


(-18255) 

(5039) 



Acod 

T 

1346 

609 





(1963) 

(636) 




o 

-2886 

4069 



SLTO 


1-4186) 

(5898) 




T 

l.Ml 

1162 

10/90 

90/10 



(2313) 

(1631) 

Z/M 

im 


0 

12331 

2466 



6«c 


(17884) 

(3476) 



Acod 

T 

1350 

648 





(1970) 

(706) 


o ■ Ciicnnifnm^ 

Sues. N/cm* (put Neg. agn (-) • cos p r e sfc ni 


Localior 


5 

4 

5 

6 



1042 

3212 

9272 

11435 

-8564 

-6159 

(1511) 

(4658) 

(13448) 

(16585) 

(-12420) 

(-8933) 

1092 

1020 

975 

960 

951 

946 

(1506) 

(1376) 

(1295) 

(1268) 

(1252) 

(1242) 

2504 

3357 

9736 

9812 

5156 

3251 

(3631) 

(4869) 

(14121) 

(14231) 

R7478) 

(4715) 

614 

579 

563 

561 

562 

566 

(645) 

(582) 

(553) 

(549) 

(552) 

(559) 

2169 

4332 

831 

1528 

-5914 

-5224 

(3146) 

(6283) 

(1205) 

(2216) 

(-8578) 

(-7576) 

1076 

1000 

959 

955 

952 

947 

(1476) 

(1340) 

(1266) 

(1259) 

(1253) 

(1244) 

2470 

3356 

9309 

9675 

6323 

6003 

(3582) 

(4867) 

(13501) 

(14032) 

(7171) 

(8706) 

601 

568 

558 

558 

559 

564 

(622) 

(563) 

(544) 

(544) 

(546) 

(555) 

1360 

2467 

8266 

10495 

-10743 

-8978 

(1973) 

(3578) 

(11988) 

(15221) 

(-15596) 

(-13021) 

1004 

997 

985 

967 

957 

951 

(1348) 

(1335) 

(1313) 

(1281) 

(1262) 

(1251) 

7057 

''888 

8074 

8653 

2920 

3333 

(10235) 

(11440) 

(11710) 

(12549) 

(4235) 

(4834) 

578 

574 

568 

564 

564 

568 

(580) 

(573) 

(563) 

(556) 

(556) 

(563) 

1127 

3370 

6068 

6129 

-5225 

-4009 

(1634) 

(4887) 

(8800) 

(8889) 

(-7621) 

(-6974) 

1080 

1001 

958 

954 

951 

946 

11484) 

0342) 

(1265) 

(1258) 

(1252) 

(1243) 

3012 

4068 

9109 

9494 

6129 

5851 

(4368) 

(5900) 

(13211) 

(13769) 

(8889) 

(8486) 

601 

568 

558 

558 

559 

564 

(622) 

(563) 

(544) 

(544) 

(546) 

(555) 




lARLh: III 


Ki SIDUAL STRAIN DATA 

Till RMAL PRhSTRI SShD SPK'IMhN, 728'K (850*1 ) 

Z/M - ZrOi/t'oOAlY 

Increment AStrain, 10*^ 





Thickneu 


cm /cm 

No. 

Diickncu cm (in) 

Material 

*K ("n 

Ore. 

Axial 

1 

0 0457(0 018) 

ZtO, 

.103(85) 

45 

-25 

*> 

0.0508 (0.020) 

Zrt)2 

.103 (85) 

25 

.10 

3 

0.0508 (0.020) 

Zrt)^ 

30.1 (86) 

10 

40 

4 

0.0508 (0.020) 

Zroi 

104(87) 

5 

35 

5 

0.0508 (0.020) 

ZK>2 

303 (86) 

0 

40 

6 

0 0305 (0.012) 

ZK)^ 

.103 (86) 

30 

40 

7 

0.0279(0 011) 

85/1*5 Z/M 

299(78 

40 


8 

0.0305 (0.012) 

85/15 Z/M 

.101 (82) 

40 


9 

0.0330(0.013) 

85/15 Z/M 

.102 (85) 

.10 


10 

0.0254(0.010) 

40/60 Z/M 

299(79) 

10 


II 

0.0305 (0.012) 

40/60 Z/M 

.100 (80) 

25 


12 

0.0152 (0.00(>» 

40/60 Z/M 

.100 (80) 

-10 


13 

0 0*'54 (0.010) 

Mar-M-509 

286(55) 

60 


14 

0.02.54 (0.010) 

Mar M-509 

297(65) 

25 




TABLH IV 




RKSIDUAl STRF.SS SPl ( IMI NS 
CURVATlIRh CIIANGH 



Substrate Radius, 

cm (in) 



Before 

Sprayin" 

After 

Spraying 

Change 

922“K (l200“F).Systc.n 

14.295 (5.628) 
12.896(5.077) 

15.100(5.945) 

13.8.10(5.445) 

+0.805 (+0.317) 
+0.934 (+0.368) 

Baseline System 

12.649(4.980) 
13.507 (5.353) 

12.761 (5.024) 
13.884(5.466) 

+0.1 12 (+0.044) 
+0.287 (+0.1 1.1) 
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TABl li V 


Rl SIDUAL STRAIN Ml ASDRI MhNTS 
922*K ( 1 200“h ) I III RMAL TRK ATH) SPIX IMFN 

Increment Thickness. Strain Change. Iff* env'ein 


No. 

M.iterial 

mm (in) 

('ire. 

Axial 

Diagonal 

Remarks 

1 

/rf>2 

0.762 (0.030) 

10 

20 

20 


*i 

ZK)i 

0.762 (0.030) 

50 

26 

30 


3 

ZrOi 

0.762 (0.030) 

90 

54 

80 


4 

ZK)^ 

0.635 (0.025) 

100 

80 

80 


5 

ZK>^ 

0.356(0 014) 

50 

80 

70 


6 

85/ fS Z/M 

0.406(0.016) 

140 

no 

140 


7 

85/15 Z/M 

0.254(0.010) 

80 

60 

70 


8 

40/60 Z/M 

0.330(0 013) 

120 

0 

30 


9 

40/60 Z/M 

0.203(0 008) 

80 

10 

70 


10 

40/60 Z /M 

0.279(0.01 1) 

50 

-50 

0 


Residual 

Mar M-509 

2.718(0.107) 




Assumed Stress 
Free at 922"K 
(1200“F)For 
Analysis 


^/M - ZrOi/CoC'rAlY 

(' ■ Circumferential Strain (iage 

A ■* Axial Strain (lage 

I) " Diagonal Strain (iage 



Gaga Orientation 


! 
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TABLE VI 


average MODL'LII OF RUPTURE AND ELASTICm 
AND STRAIN TO FAILURE TEST RESULTS FOR 
MATERIALS SPRAYED ON ‘>22°K ( 1 200“F) METAL SUBSTRATE 


Matronal 

Test 

Temperature 
“K (“F) 

Modulus 
of Rupture 
10^ N/cm* (10^ psi) 

Modulus 
of Elasticity 
10* N/cm* (10‘- psi» 

S'rain 

To 

Failure. 

40/60 ZT02/CoCr AlY 

293 ( 68 » 

1256 (1800) 

10.14 

7.45 

(14.7) 

(10.8) 

7.10 

4.28 

<10 301 
( 6.21) 

0 206 
0.537 

85/15 Zr02/CoCrAIY 

293 ( 681 
1256 (1800) 

3 64 
5.33 

( 5.28) 
( 7.73) 

5.57 

3.68 

( 8 08) 
( 5.33) 

O.IOI 

0.292 

Zr02 

293 ( 681 

1589 (2400) 

1.83 

2.36 

( 2.66) 
( 3.42) 

2.50 

2.39 

( 3< 3» 
( 3.47| 

0.107 
0 345 


TABLF VII 


AVERAGL MODULII OF RUPTURE AND ELASTICITY 
AND STRAIN TO FAILURE TEST RESULTS FOR 
MATERIALS SPRAYED WITHOUT SUPPLEMENTAL 
HEATING OF METAL SUBSTRATE 



Test 

Modulus 

Modulus 

Strain 


Temperature 

of Rupture 

of Elasticit) 

To 

Material 

“K 

C“F) 

10* N/cm* 

dO’ psi) 

10* N cm* 

(10* psi) 

Failure. % 

40'60 Zr02/CoCrAIY 

293 

( 68) 

22.27 

(32.3) 

5 86 

( 8.5) 

0.82 


1005 

(1350) 

10.83 

(15.7) 

9.24 

(13.4) 

0.39 

70/30 ZK) 2 /CoCrAIY 

293 

( 68) 

5.63 

( 8.16) 

3.62 

( 5.25) 

043 


1061 

(1450) 

7.03 

(10.2) 

4 70 

( 6 81) 

0.47 

85/15 Zr02/CoCrAIY 

295 

( 68) 

4.14 

( 6.0) 

2.54 

( 3.68) 

0.40 


1144 

(1600) 

4.70 

( 6.82) 

1 86 

( 2.70) 

0.34 

Z 1 O 2 

293 

( 68) 

2.82 

( 4.09) 

4.69 

( 68) 

0.12 


1589 

(2400) 

2.24 

( 3.32) 

1.56 

( 2.26) 

0.33 




\BRADABIim TFSTRFSlilTS 


Test No 

1 


3 

4 

Description 

System 

Machined Surface 

Baseline. As 
Spraved Surface 

9:rK4i:0(rFiSsslem 
As-Sprayed Surface 

92rK(l200’F) System 
AvSprayed Surfrre 

Avf Hird.iess. R^45Y 

!U>.b 

74 7 

78 0 

76 2 

No Biides 

i: 

i: 

i: 

1 % 

Blaur rit> Du . cm <iat 

:i 4<»l846l 

:i 4918 4b) 

:i.49|8 4r.i 

2l 49(8 46) 

BUde Tip VekKits . m s tfi'icct 

:o4 8 410001 

:04 8«I000| 

284 419331 

704 8(1000) 

Seal’ emp .'K (°F» 

IS84i:400> 

15894:4001 

1^89 4 24001 

1589(2400) 

Inirractiofi Rail mm/s (iii.'sect 

— 

— 

0 0254(0 0011 

0 254(00101* 

Penetration Depth, mm (ml 



0 762 (0 030) 

0 762 (0 030) 

Max Seal t^ear Depth, mm iini 



0 508 40.020) 

None 

T ransfer to Seal 



Lipht 

Heavy 0011 m 

Rub Pattern 



Contmuout 

Contmuuus 

Actual Surf Temp *K»*F> 



Ib06 4 24.f0> 

1561 (2350) 

Max Surf Temp *K (*F» 



1650(2510) 

1922(3000) 

Noimal Load. Ke lib) 



1 814(4) 

4 989(11) 

Avp. Blade tkear, mm <m> 



0 061 (00024) 

0 980 (0 0.786) 

Blade Heat Discoloratiofi 



NepfapMe 

Dwk Stran 

Blade Pickup 



Sliphi on Leadtnp 
S«te 

Up to 0.178 mm lO OO** 
m) on Leadnuc Side 

VWR 

... 

... 

0 166 

Indetcrmmate 

Remarks 

60^ of ZiOc layer 
spalled dunny heatup 

50^ of 7 jO-» layer 
spalled and cracked 
laminaHy dump 
heatup 

ZiO-t layer partially' 
spalkd durtnp lieatup 
and rub. mostly outsade 
rub path 

Axial cracks m transfer 
'Interaction rale shnsed 
loO 109 mm N (0 004 - 
m sec) durmp rtil 


TABLF IX 


FltOSION TFST DATA SI MMARY 


PartKuljIc. Material • Al^O^ 

Gas Veloat> • 0.3 S Mach Sue-80Gnt 

Nozzle to specimen distance - *.S1 ic; < 1 .5 *n> Row • 0 544 kg/hr ( 1 .2 Ib/lirl 



Surface Temp 
'K 

Impingement 

Angle 

RAD 

Avg 

Hardness 

Range 

KT^gm'min 10' cc/nun 

Specific 
KrosMMi 
of AI->Oj 


Test No 

t*F> 

(degreesi 

R^45Y 

R^45Y 

10"^ gm gm 

Remarks 

1 

1589 

(24001 

0262 

(IS) 

67.1 

66 70 

4 0 0 770 

44 

922*K(I200*F) system 
as-sprayed, eroded sur- 
face mud flat cracked 

* 

1589 

<2400» 

0262 

(15) 

73.2 

72-77 

Undetermined 


Baseline system, as- 
sprayed Z 1 O 2 layer de- 
laminated during cool- 
down after 10 mm 




TABLE X 


Tcsl No. Specimen 


THERMAL SHCX K TEST »'"^«ULTS 


Remarks 


1 


3 


Baselir.' system as sprayed 


922"K (1 :00*F» system; 
machined 


922®K ( 1 200“ F» system; 
machined 


922"K( 1 200“F) system 
as sprayed; substrate 
modified for residual 
stress measurement 


Completed 500 cycles. No discemihie cracks until 100 cycle inspecti^m. Surface 
cracks apparent after 100 cycles “Mud flat” dimensKMi ap;*To»miatcl> 0.51 cm 
(0.20 in) X 0.5 1 cm (0.20 ini. Fine laminar cracks at l>o(h ends at ZiO't inter- 
face apparent after 3(X) cycles. Cracks extend approximately 1.2” cn. (^ m (to- 
wards center. After 500 cycles, same laminar cracks extends approximately l.*> 
cm ( % ini towards center. No apparent substantial increase in surface .rackmi;. 

Severe laminar crackinf at idle. Cracks occurred at both ends, apparently onpiv 
ting in the 85/15 ZrOs/CoCrAlY byer and propafating mto Zr02 layer, partial- 
ly through to surface. Severe ZrO-» surface overheating 589*K (bOO^F I at 6 sec- 
oi 'd acoel. Spallation of 1 .9 cm ('i ml X full width pieces at both ends. Addi- 
tional laminar cracking m 85/15 Zr02 CoCrAlY propagated nearly l(X)T 
thix.ugh speenmen. Ma)or radial crack across center of Zr02 

.Xl idle, small lamirxr crack occurred at one end at 85 1 5 Zr 02 ^CoCrAlY - 40/fcO 
ZrO-*/CoCr.AIY interface. Moderate ZrO-* surface overheating 394*K (250*T|at 
6 second accel. Severe laminar cracking at 85/15 ZiOi/CoCrAH -Zr02 interface 
at both ends. Crack extends approximately StY' through specimen. No radial 
crackmg evident 

Complete delammatkin and spallation at 6 second accel. Delamination occurred 
at ZK)-» • 85 15 ZrO->/CoCrAIY interlace. No radial •.’•jcking apparent 


TABLE XI 

PRINCIPAL STRESS-STRENGTH RATIOS IN CIRCUMFERENTIAL 
PLANE OF 922“K {I2Q0“F) SPECIMEN 


En.giiie Cycle Rig Cyds 



ProDerties 

Residual 


Residual Stress 

Idle 

6 sec Accel 

SLTO 

1 2 sec Decel 

Id’e 

13 c Accel 


Used 

Stress Used 

Material 

Max /Min 

Max/Mirt 

Max/Min 

Max /Min 

Max/M in 

Max/Min 

1 »x/Mm 

n 

NAS3-I9759 

None 

ZrO-, 

0/0 

0.69/0.62 

1,88/1.42 

1.87/0.80 

L75/0.08 






85/15 z7m* 

0/0 

0.55/0.32 

0.98/0.61 

0.89/0.19 

0.69/0.05 






40/60 Z/M 

0/0 

0.41/0.08 

0.58/0.16 

1.37/0.09 

0.86/Q.Ql 



2) 

NAS3-19759 

922®K 

ZrOi 

1.00/Lll 

1. 31/1. 26 

2.38/1 .61 

1.61/1.42 

0.97/0.35 

1.22/1.06 

2.08/1.97 



(1200^F) 

85/15 Z/M 

0.22/0.46 

0.53/0.62 

0.88/0.86 

0.86/0.33 

0.14/0.27 

0.45/0.55 

0.61/0.60 




40/60 Z/M 

0.06/0.20 

0.18/0.22 

0.32/0.27 

0.54/0.16 

0.21/0.12 

0,19/0,19 

0.44/0.22 

3) 


922®K 

ZtO? 

0.55/0.76 


1. 83/2.00 

1.00/L7G 

n 44/0.36 

0.89/0.81 

1.47/2.93 


0200'’?! 

(1200“F} 

85/15 Z/M 

0.51/0.83 

— 

L24/1.07 

1.20/0,50 

0.60/0.25 

0.68/0.62 

1.14/C.76 




40/60 Z/M 

0.27/0.54 

.... 

0.62/0.76 

0.42/0.41 

0,23/0.28 

0,40/031 

0.5J/038 


*Z/M = ZrO^/CoCrAlY 




